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Roles for FGF8 in the Induction, Initiation,
and Maintenance of Chick Limb Development
Philip H. Crossley,* George Minowada,* experiments in the chick suggest that the signals re-
Craig A. MacArthur,² and Gail R. Martin* quired for forelimb bud induction emanate from the in-
*Department of Anatomy and termediate mesoderm, which lies between the somites
Program in Developmental Biology and the lateral plate mesoderm and develops into the
School of Medicine embryonic kidney (mesonephros). Studies of tissue ex-
University of California, San Francisco plants from amphibian embryos also suggest a link be-
San Francisco, California 94143-0452 tween limb formation and the presence of nephric tu-
²Department of Pediatrics bules (Muchmore, 1957). In the chick embryo, limb bud
School of Medicine induction occurs progressively between stages 13 and
Washington University 15, and induction is complete by stage 15 (Pinot, 1970;
St. Louis, Missouri 63110 Kieny, 1971; Saunders and Reuss, 1974; Stephens and
McNulty, 1981). Cohn et al. (1995) have provided evi-
dence that members of the fibroblast growth factor
(FGF) family of heparin-binding signaling molecules may
Summary be involved in limb bud induction by showing that beads
soaked in FGF (FGF1, FGF2, or FGF4) protein induce
We provide evidence that FGF8 serves as an endoge- ectopic wings and legs when implanted in the mesoderm
nous inducer of chick limb formation and that its ex- of the interlimb region.
pression in the intermediate mesoderm at the appro- There is also evidence that once a limb bud is induced,
priate time and place to trigger forelimb development FGF family members play a role in its subsequent devel-
is directly linked to the mechanism of embryonic kid- opment. Expression of the Fgf8 gene has been detected
ney differentiation. One function of the limb inducer in the surface ectoderm just prior to and at early stages
is to initiate Fgf8 gene expression in the ectoderm of limb bud outgrowth in both the mouse and chick
overlying the prospective limb-forming territories. embryo (Ohuchi et al., 1994; Crossley and Martin, 1995;
FGF8 secreted bythe ectodermthen appears to initiate Mahmood et al., 1995), suggesting that this FGF stimu-
limb bud formation by promoting outgrowth of and lates initial outgrowth of the limb bud. After the bud is
Sonic hedgehog expression in the underlying lateral established, Fgf8 and two other FGFs, Fgf4 and Fgf2,
plate mesoderm. FGF8 also maintains mesoderm out- are expressed in the thickened ectoderm at the distal
growth and Sonic hedgehog expression in the estab- tip of the limb bud (the apical ectodermal ridge [AER])
lished limb bud. Our data thus point to FGF8 as a key (Niswander and Martin, 1992; Savage et al.,1993; Heikin-
regulator of limb development that not only induces
heimo et al., 1994; Ohuchi et al., 1994; Crossley and
and initiates the formation of a limb bud, but also sus-
Martin, 1995; Mahmood et al., 1995), which is required
tains its subsequent development.
for normal limb development (reviewed by Hinchliffe and
Johnson, 1980). Functional assays have shown that
FGF2 and FGF4 can substitute for the AER to maintainIntroduction
limb outgrowth and patterning (Niswander et al., 1993;
Fallon et al., 1994).The vertebrate limb bud provides an experimental para-
Classical studies have shown that signalingmoleculesdigm for exploring fundamental mechanisms of tissue
from the AER regulate limb development by influencingoutgrowth and patterning and for identifying the mole-
cells in the mesoderm at the distal tip of the limb bud.cules that mediate these processes (Hinchliffe and
This region, known as the progress zone (SummerbellJohnson, 1980; Johnson et al., 1994; Tickle and Eichele,
et al., 1973), gives rise to most of the mesenchymal1994). It also provides a model for studying the mecha-
elements in the limb. Progress zone cells are also influ-nism of embryonic induction, which depends on the
enced by patterning signals from the zone of polarizinginteraction between an inducing signal and a target tis-
activity (ZPA), a region of mesoderm localized at thesue competent to respond to the inducer. Induction can
limb bud posterior margin, and also directly or indirectlybe regulated by limiting inducer availability, varying re-
by signals from the ectoderm covering the limb bud.sponding tissue competence, or both. At the stages
Sonic hedgehog (Shh; Riddle et al., 1993) and Wnt7awhen the limb is induced, competence to respond to
(Parr and McMahon, 1995; Yang and Niswander, 1995)the inducer appears to be widespread along much of
have been identified as genes that contribute to thethe length of the embryo (Cohn et al., 1995), and thus
signaling activities of the ZPA and dorsal ectoderm,induction of the limb, which develops from a small group
respectively. In turn, the progress zone producessignalsof lateral plate mesoderm cells and overlying surface
that maintain the AER (reviewed by Hinchliffe and John-ectoderm, is likely to involve some mechanism for re-
son, 1980). In the classical view, AER, ZPA, and ecto-stricting the availability of the limb inducer.
derm functions were considered to be largely indepen-Some information is available on the tissue source of
dent of one another. However, it is now clear that thethe limb inducer and the time of its action. Foil barrier
combined activities of these regions cooperate to regu-(Stephens and McNulty, 1981; Strecker and Stephens,
1983) and tissue ablation (Geduspan and Solursh, 1992) late limb outgrowth and patterning along all three axes
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Figure 1. Amino Acid Sequence Comparison
of Chick and Mouse FGF8
The predicted polypeptide sequence of chick
FGF8 is shown in comparison with mouse
FGF8 variant 1 (Crossley and Martin, 1995).
Asterisks represent residues that are identi-
cal in chick and mouse FGF8 and dashes rep-
resent gaps inserted to align homologous
residues. The cDNA clone isolated in this
study was truncated at the 59 end and lacks
sequences encoding the initiation methionine
and the amino-terminal-most amino acids of
chick FGF8.
(Johnson et al., 1994; Tickle and Eichele, 1994; Martin, forelimb territory (Figures 2A±2E). Analysis of transverse
1995). sections through this region showed that Fgf8 is ex-
In the study described here, we investigated the func- pressed in nephrogenic mesoderm cells adjacent to the
tions of FGF8 in chick limb development, with emphasis Wolffian duct (Figures 2C and 2D). Signals from the duct
on the roles played by Fgf8 at the earliest stages of limb induce condensation of the nephrogenic mesoderm and
formation. Based on expression studies and functional its subsequent differentiation into mesonephric tubules,
assays, we propose that during normal development, which then fuse with the duct to form the mesonephros
FGF8 functions to induce limb formation, plays a role (Figure 2F). Since tubule induction occurs along the
in the initiation of limb bud outgrowth and the establish- length of the embryo in a rostral to caudal sequence
ment of the signaling system that regulates subsequent (Burns, 1955) and Fgf8 expression appears to be a
limb development, and also functions to maintain out- marker for differentiating nephrogenic mesoderm, the
growth and patterning in the established limb bud. wave of Fgf8 expression reflects the differentiation of
the mesonephros. These data show that between stages
Results 13 and 15, when limb induction is occurring, Fgf8 ex-
pression becomes localized to the nephrogenic meso-
Isolation of a Chick Fgf8 cDNA derm in the prospective forelimb territory (somite levels
To obtain a probe for the chick Fgf8 gene, we screened 15±20), an observation consistent with the hypothesis
an embryonic day 10 (E10) chick embryo brain cDNA
that FGF8 produced in this component of the intermedi-
library (Kennedy et al., 1994) at reduced stringency with
ate mesoderm plays a role in forelimb bud induction.a mouse Fgf8 probe. The 800 bp cDNA clone obtained
During this period Fgf8 is also expressed transientlywas sequenced and found to encode a protein with
rostral to the prospective wing territory. However, the82% amino acid identity to mouse FGF8 splice variant
lateral plate mesoderm at this level does not appear to1 (Figure 1), indicating that this cDNA derives from the
be capable of forming a limb (Cohn et al., 1995).chick ortholog of the Fgf8 gene.
In the prospective interlimb region, Fgf8 RNA was not
detectable in the intermediate mesoderm at stage 15Analysis of Fgf8 Expression in the Intermediate
(Figures 2A and 2B; data not shown). However, at stagesMesoderm and Ability of FGF8 Protein
13±14 it was detected at high levels in the primitiveto Induce Limb Formation
streak and also transiently at stage 14 in the intermediateExperimental studies suggest that in the chick the inter-
mediate mesoderm is the source of the normal wing mesoderm at the level of somites 21±23 (Figure 2A). This
inducer and that induction occurs between stages 13±15 transient expression most likely reflects down-regula-
(Stephens and McNulty, 1981; Strecker and Stephens, tion of Fgf8 expression as the intermediate mesoderm
1983; Geduspan and Solursh, 1992). During these stages forms from the primitive streak. Thus, at the stages when
the intermediate mesoderm in the prospective forelimb normal limb induction is occurring, there is no persistent
territory begins to develop into the mesonephros, which Fgf8 expression in the intermediate mesoderm of the
is comprised of derivatives of the nephrogenic meso- prospective interlimb region.
derm and the Wolffian duct. In a previous study, we The prospective hindlimb territory is still being gener-
detected Fgf8 expression in the nephrogenic mesoderm ated from the caudal end of the embryo at stages 13±15
of the midgestation mouse embryo, but this analysis (see Figure 2A). During this period, Fgf8 expression is
was limited to stages after limb bud induction occurred
detected in presumptive intermediate mesoderm lateral
(Crossley and Martin, 1995). Since FGFs can induce
to the segmental plate at prospective somite levelsectopic limbs (Cohn et al., 1995), we sought todetermine
26±28 and at high levels throughout the primitive streakwhether Fgf8 might be expressed early enough in meso-
(Figures 2A and 2B), consistent with the idea that FGF8nephic development to function as an endogenous limb
may also be involved in hindlimb bud induction.inducer in the chick embryo. The results of this analysis
To determine whether FGF8 protein can induce a limb,are summarized in Figure 2A.
a bead soaked in recombinant FGF8 (FGF8 bead; seeRostral to and within the prospective forelimb terri-
Experimental Procedures) was inserted at stage 15 intotory, there is a wave of Fgf8 expression that moves
a slit in the lateral plate mesoderm in the prospectivecaudally through the intermediate mesoderm between
interlimb region. After 7 days incubation, all the embryosstages 13 and 15, such that by stage 15 the Fgf8 expres-
sion domain is restricted to the level of the prospective had developed an ectopic limb±like structure on the
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Figure 2. Fgf8 Expression in the Intermediate Mesoderm at Stages 13±15 and Induction of Ectopic Limbs by FGF8
(A) Schematic diagrams represent the right half of the chick embryo at stages 13±15. The numbers on the left indicate somite levels. The
somites are illustrated as circles and the segmental plate and primitive streak as a white bar. The prospective fore- and hindlimb territories
are shaded. The position of the intermediate mesoderm is represented by a green stripe. Fgf8 expression in the nephrogenic mesoderm within
and rostral to the prospective forelimb territory and in newly formed intermediate mesoderm in the prospective interlimb and hindlimb territories
is represented by dark blue bars to the right. Lower levels of expression are indicated by light blue bars. The figure summarizes expression
patterns determined by analyzing at least three embryos at each stage.
(B±E) Fgf8 expression at stage 15. Somite numbers are indicated.
(B) Brackets demarcate regions in which Fgf8 RNA is detected in the nephrogenic mesoderm (nm), intermediate mesoderm (im), and primitive
streak (ps).
(C) Transverse section through the embryo shown in (B), at somite level 17, showing Fgf RNA in the nephrogenic mesoderm adjacent to the
Wolffian duct (wd) and in myotome (myo). Lpm, lateral plate mesoderm.
(D) Higher magnification view of the nephrogenic region on the right of the section shown in (C).
(E) Higher magnification view of the embryo shown in (B).
(F) Schematic diagram of embryonic kidney (mesonephros) formation. As the Wolffian duct extends caudally (arrow), it induces the adjacent
nephrogenic mesoderm to form mesonephric tubules, which then fuse with the duct. In the chick embryo, duct extension and tubule induction
take place progressively between stages 12 and 18 at the level of somites 13±30. Although the mesonephros is the principal organ of excretion
during embryonic life, it eventually degenerates and is replaced by the metanephros (permanent kidney).
(G±I) Skeletal preparations of limbs formed following implantation of FGF8 beads in the prospective interlimb region at stage 15.
(G and H) Normal wing and ectopic limb (shown by asterisk) from the same embryo.
(I) Hindlimb from an embryo in which the tibia (ti) of the ectopic limb is fused with the tibia of the normal leg (white arrowhead points to region
of fusion). The relative positions of the tibia and fibula (fi) in the ectopic leg demonstrate that its polarity is reversed.
operated side (n 5 4). In two cases, these formed just Analysis of Fgf8 Expression in the Surface
Ectoderm and Function of FGF8 in Initiatingcaudal to the normal wing, and in one, digit formation
had clearly occurred (Figures 2G and 2H; data not Limb Bud Outgrowth and Shh Expression
The nascent chick wing and leg buds, which form atshown). In the other two cases, the ectopic limb formed
just rostral to the normal leg. One of these ectopic limbs somite levels 15±20 and 26±31, respectively, first be-
come detectable as slight protrusions of the lateral platewas clearly a leg, was reversed in polarity, and was
fused at the tibia to the normal leg (Figure 2I; data not mesoderm at stage 17. They form because the rate of
mesoderm cell proliferation remains high in the limb-shown). These FGF8-induced ectopic limbs are similar
to the ones induced by other FGF family members, as forming regions, but decreases elsewhere along the
length of the lateral plate mesoderm (Searls and Jan-described by Cohn et al. (1995). Together, the results
of our expression studies and functional assays are con- ners, 1971). Fgf8 RNA becomes detectable in the ecto-
derm at stage 16, in a patchy, longitudinal stripe atsistent with the idea that FGF8 plays a key role in limb
induction in the chick. approximately the level of somites 14±18 (Figures 3A
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and 3B; Mahmood et al., 1995), slightly anterior to and as an assay system. This region does not normally ex-
press Shh but is competent to do so, providing that awithin the prospective wing territory. It isalso detectable
in a few ectodermal cells at and posterior to the level posteriorizing signal such as RA is applied (Riddle et
al., 1993). To eliminate the endogenous source of FGFs,of somite 29 (data not shown), within the prospective
leg territory. By stage 17, the number of Fgf8-expressing we removed the AER from a stage 20 limb bud and
stapled an FGF8 bead and a bead soaked in RA tocells has increased substantially, and the domains of
expression have extended to cover all or most of the the anterior limb mesoderm. Shh-expressing cells were
detected adjacent to the FGF8 bead 24 hr later. Althoughprospective fore- and hindlimb territories, respectively
(Figures 3C and 3D). In all embryos examined, Fgf8 ex- the amount of Shh RNA detected was low, the effect
was reproducible (3 of 5 cases; Figure 3J). Neither FGF8pression was detected exclusively in the ectoderm in
the limb-forming territories; no Fgf8 RNA was detected beads nor RA beads alone induced Shh expression (Fig-
ure 3K; data not shown).in the ectoderm of the interlimb region. Thus, Fgf8 is
expressed prior to the first signs of limb bud formation, These results demonstrate that Fgf8 is expressed at
an appropriate location toprovide FGF activity for induc-and there is a strong correlation between the domains of
Fgf8 expression and the regions in which limb outgrowth tion of Shh expression at stage 17 and that FGF8 protein
can induce Shh expression in thepresence of a posterio-occurs. Moreover, FGF8 is a secreted protein (Tanaka
et al., 1992), making FGF8 produced in the surface ecto- rizing signal. This is consistent with the fact that in the
normal limb bud, Shh expression is restricted to thederm at stages 16±17 a good candidate for a regulator
of the initial outgrowth of the lateral plate mesoderm mesoderm underlying the posterior part of the Fgf8 ex-
pression domain, where endogenous posteriorizing sig-in limb-forming regions. We confirmed that FGF8 can
perform this function in experiments (described below) nals presumably function.
in which an FGF8 bead was implanted in the lateral plate
mesoderm of the interlimb region at stage 15. Analysis of FGF8 Function in Stimulating
Induction of Shh expression in the mesoderm at the Outgrowth and Maintaining Shh Expression
limb bud posterior margin is an important step in normal in the Established Limb Bud
limb formation (Riddle et al., 1993). FGF activity is appar- At stage 18, the ectoderm at the limb bud distal tip
ently required for initiation of Shh expression, since Shh thickens to form the AER. FGF2 and FGF4 can perform
RNA is detected following application of retinoic acid the essential functions of the AER, including stimulation
(RA) to the anterior margin of the established limb bud of progress zone cell proliferation and maintenance of
only when an intact AER or a source of FGF is present Shh expression in posterior limb mesenchyme (Nis-
(Riddle et al., 1993; Niswander et al., 1994). To explore wander et al., 1993, 1994; Fallon et al., 1994; Laufer et
the possibility that FGF8 may provide FGF activity re- al., 1994). The observation that Fgf8 RNA is detected at
quired for Shh induction during normal limb develop- high levels in the AER raises the possibility that this FGF
ment, we analyzed Fgf8 and Shh expression during the family member can also perform these same functions.
early stages of wing formation. To maximize the sensitiv- To test this hypothesis, we applied FGF8 beads to
ity of the assay for both genes, we used the same stain the mesoderm that is exposed following AER removal
to detect Fgf8- and Shh-expressing cells and relied on from chick limb buds at stages 19±20. Within 24 hr of
the fact that, during normal limb development, Fgf8 ex- FGF8 bead application to anterior mesoderm, there was
pression is restricted to the ectoderm (Figure 3D; data outgrowth in the vicinity of the bead; no outgrowth oc-
not shown) and Shh to the mesoderm (Riddle et al., 1993; curred in the absence of FGF8 beads (see Figure 3K;
data not shown) to distinguishthe expression patterns of data not shown). In addition, we found that Shh RNA
the two genes. was still readily detectable in its normal domain 24 hr
As described above, Fgf8 RNA is readily detectable after FGF8 bead application to posterior limb bud meso-
at stage 16, whereas Shh RNA was not detected at derm (n 5 3; Figure 3L), but was not detectable in the
this stage (data not shown). At stage 17, a few Shh- absence of an FGF8 bead (see Figures 3J and 3K; Laufer
expressing mesoderm cells are found underlying the et al., 1994; Niswander et al., 1994). To rule out the
posterior end of the already well-established domain possibility that the maintenance of Shh expression was
of Fgf8-expressing cells in the ectoderm (Figure 3E). due to residual AER cells, we also assayed the experi-
Sections through this region show that the Shh-express- mental samples for Fgf8 expression. No Fgf8 RNA was
ing cells are localized in a domain less than 10-cell detected (Figure 3L; data not shown), demonstrating
diameters deep within the mesoderm directly underlying
complete removal of the AER. These results demon-
the Fgf8-expressing cells in the surface ectoderm (Fig-
strate that FGF8 can both stimulate limb mesoderm out-
ure 3F). By stage 18 the number of Shh-expressing cells
growth and maintain Shh expression in the ZPA.
has increased, and these are restricted to the region
underlying the posterior Fgf8 expression domain (Figure
Analysis of the Ability of FGF8 to Induce Fgf83G), whereas at stages 19±25 (Figures 3H and 3I), the
Expression in the Surface EctodermShh expression domain both underlies and extends
and Shh Expression in the Mesoderm of theproximal to the posterior margin of the Fgf8 expression
Interlimb Regiondomain. These observations are consistent with the sug-
Based on these data, we suggest that FGF8 producedgestion that FGF8 plays a role in the induction of Shh
in the intermediate mesoderm at stage 15 causes Fgf8expression in the limb bud at stage 17.
expression to be initiated in the surface ectoderm atTo determine directly whether FGF8 protein can in-
duce Shh expression, we used anterior limb mesoderm stage 16, which in turn promotes the outgrowth of and
Role of FGF8 in Limb Development
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Figure 3. Expression of Fgf8 and Shh in the
Chick Limb Bud at Stages 16±25 and Analysis
of the Effects of FGF8 Protein on Shh Ex-
pression
Detectionby whole-mount RNA in situhybrid-
izationof Fgf8 and Shh RNA: Fgf8 probe alone
(A±D); Fgf8 and Shh probes (E±L).
(A and B) Fgf8 RNA at stage 16 in the region
of the prospective wing bud.
(A) Lateral view showing Fgf8 RNA in the ec-
toderm at somite levels 14±18 and in myo-
tomes. Anterior is at top, numbers refer to
somite levels, and arrowhead indicates the
posterior end of the Fgf8 expression domain
in the ectoderm.
(B) Transverse section through the region
shown in (A). Fgf8 RNA is detected in the
ectoderm overlying the lateral plate meso-
derm (lpm), in the myotome (myo), and in the
nephrogenic mesoderm (nm) that will give
rise to the mesonephric tubules. Additional
abbreviations: cl, coelom; nt, neural tube.
(C and D) Fgf8 expression at stage 17.
(C) Dorsal view showing Fgf8 RNAin the ecto-
derm covering the nascent forelimb (somite
levels 15±20) and hindlimb (somite levels 28±
30) buds and in myotomes. The arrowheads
indicate the posterior limits of the Fgf8 ex-
pression domains in the surface ectoderm.
Expression in the myotomes and nephro-
genic mesoderm is also visible.
(D) Transverse section through the forelimb
region of a different embryo at the same
stage. Fgf8 expression in the ectoderm is
more extensive than at stage 16.
(E) Dorsal view of a stage 17 forelimb bud.
Arrowhead indicates the posterior boundary
of the Fgf8 expression domain in the ecto-
derm. Arrow points to Shh-expressing cells
in themesoderm underlyingthe posterior part
of the Fgf8 expression domain.
(F) Transverse section through the limb bud
in (E), showing the restriction of the Shh
expression domain to the region underlying
the Fgf8-expressing ectoderm cells. Arrows
point to Shh-expressing cells.
(G±I) Dorsal views of the forelimb bud at the
stages indicated. Fgf8 RNA is detected along the length of the AER. Arrowheads indicate the posterior boundary of the Fgf8 expression
domain in the ectoderm. Shh RNA is detected in the mesoderm underlying the posterior part of the Fgf8 expression domain (closed arrows)
as well as in mesoderm proximal to the Fgf8 expression domain (open arrows).
(J±L) Schematic diagrams illustrate the experimental manipulations performed. Following AER removal from stage 20 wing buds, beads soaked
in recombinant FGF8 (blue circles) or RA (white circle) were stapled to the mesoderm. Embryos with FGF8 and RA beads (J) or an FGF8 bead
alone (K) were assayed for Shh and Fgf8 expression 24 hr after bead placement on the anterior limb bud mesoderm. The arrow in (J) points
to Shh-expressing cells adjacent to the FGF8 bead. Note the outgrowth of the anterior mesoderm in the presence of an FGF8 bead. Shh RNA
is still detected (arrow in [L]) 24 hr after bead placement on the posterior limb mesoderm. In contrast, Shh expression in the posterior mesoderm
is not maintained in the absence of a source of FGF (AER or FGF8 bead; bottom of field in [J] and [K]). The blue and white arrowheads point
to the FGF8 and RA beads, respectively.
Shh expression in the underlying lateral plate mesoderm the exogenous FGF8 provided by the bead, but it is
possible that the Fgf8expression detected in thesurfaceat stage 17. To test this hypothesis, we examined gene
expression during the early stages of FGF-induced ec- ectoderm also plays a role in stimulating proliferation
of lateral plate mesoderm cells. These results supporttopic limb bud formation. When an FGF8 bead was in-
serted into the mesoderm at stage 15 at somite level 25 the conclusion that FGF8 can stimulate outgrowth of
the lateral plate mesoderm and are clearly consistent(Figure 4A), we found that by 22 hr after bead implanta-
tion, there was a visible outgrowth of the lateral plate with the hypothesis that during normal limb bud induc-
tion, an FGF8-dependent signal from the intermediatemesoderm surrounding the bead, and Fgf8 RNA was
detected in the ectoderm of the interlimb region on the mesoderm induces Fgf8 gene expression in the surface
ectoderm.operated side in 5 of 6 embryos examined (Figure 4B;
data not shown). The observed outgrowth most likely To determine whether induction of ectopic limb forma-
tion by other FGF family members also involves thereflects the response of the lateral plate mesoderm to
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Figure 4. Analysis of Fgf8 and Shh Expression Following Implantation of FGF8 Beads or FGF4 Beads in the Interlimb Region
(A) Schematic diagram illustrating the manipulation performed. An FGF-soaked bead was inserted at stage 15 into the lateral plate mesoderm
at the level of somite 25.
(B) Dorsal view of an embryo 22 hr after insertion of an FGF8 bead on the right side. Note the outgrowth of the mesoderm in the vicinity of
the bead (blue arrowhead). Black arrowheads indicate the domain of ectopic Fgf8 expression. No ectopic Shh expression is detected at this
time.
(C and D) Lateral views of an embryo 24 hr after insertion of an FGF4 bead on the right side.
(C) Arrowheads indicate the domain of ectopic Fgf8 expression on the operated side. No ectopic Shh is detected.
(D) The contralateral, unoperated side (shown in mirror-image) illustrates the normal pattern of Fgf8 and Shh expression.
(E) Lateral view of an embryo 44 hr after insertion of an FGF4 bead on the right side. The arrowheads flank the domain of ectopic Fgf8
expression on the operated side. There are two subdomains, one associated with an ectopic limb bud, in which expression is very strong,
and the other located between the ectopic limb bud and the hindlimb, in which expression is weak. The arrow points to the domain of ectopic
Shh expression.
Abbreviations: FL, forelimb; HL, hindlimb.
induction of Fgf8 expression in the surface ectoderm, Discussion
we repeated the experiment using beads soaked in
FGF4. By 14±16 hr after bead implantation, there was On the basis of the data described here, we propose
the following hypothesis, summarized in Figure 5, aboutvisible outgrowth of the mesoderm surrounding the FGF
bead, and in 3 of 10 embryos examined, Fgf8 RNA was Fgf8 gene function during chick limb development. First,
FGF8 produced in the intermediate mesoderm inducesdetected in interlimb region ectoderm on the operated
side. At 24 hr, ectopic Fgf8 RNA was detected in 5 of limb formation. One early consequence of this inductive
activity is the initiation of Fgf8 gene expression in the6 embryos examined. No Shh RNA was detected in the
interlimb region in any of the embryos assayed up to 24 ectoderm overlying the prospective limb-forming territo-
ries. The FGF8 protein produced by the ectoderm thenhr after bead insertion. In all cases, gene expression
was normal on the contralateral side (Figures 4C and contributes to the establishment of the limb bud in two
ways: it stimulates outgrowth of lateral plate mesoderm,4D; data not shown). By 27 hr, Shh RNA was detectable
in a few cells in the interlimb lateral plate mesoderm (2 thereby initiating limb bud formation, and it participates
in the initiation of Shh expression in the mesoderm. Weof 2; data not shown). These results are consistent with
the observation that during normal limb development, hypothesize that once expressed, SHH in conjunction
with FGF8 and possibly other signals induces the nearbyexpression of Fgf8 in the ectoderm precedes that of
Shh in the mesoderm. At 44 hr there was abundant mesoderm to form a progress zone and the ectoderm
overlying it to develop into an AER in which Fgf4, asexpression of Fgf8 and Shh in the AER and mesoderm,
respectively, in the prominent ectopic limb bud that had well as Fgf8, is expressed. The combined FGF activities
in the AER function to stimulate cell proliferation in theformed (3 of 3; Figure 4E; data not shown). As previously
reported (Cohn et al., 1995), the polarity of the ectopic progress zone and to maintain Shh expression in the
ZPA. As a consequence of interactions among the sig-limb buds was reversed relative to normal with the Shh
domain localized on the anterior side. We also assayed nals from the AER, signals from the mesoderm such
as SHH, and signals that maintain dorsal±ventral (DV)FGF4-induced ectopic limb buds for the expression of
Fgf4 at various times after bead implantation. In double- polarity, a coordinated signaling system is produced
that drives limb outgrowth and patterning.labeling experiments, Fgf4 RNA was not detected at 36
hr (n 5 6) but was apparent at 44 hr (n 5 6), whereas
Shh RNA was detectable at both times (data not shown). Limb Induction by FGF8: Evidence for a Link
to Embryonic Kidney DevelopmentThese data suggest that activation of FGF signaling
by implantation of an FGF bead induces the ectopic The observation that FGF8 can induce both ectopic
wings and legs makes it a candidate for an endogenouslimb bud by triggering the cascade of gene expression
that occurs during normal limb bud initiation: the earliest limb inducer. Several studies have suggested that the
intermediate mesoderm is the source of the wing buddownstream gene expression identified thus far is Fgf8
in the surface ectoderm, followed by Shh in the underly- inducer and that induction takes place between stages
13 and 15 (Pinot, 1970; Kieny, 1971; Saunders anding mesenchyme, and finally Fgf4 expression in the AER
that forms over the nascent ectopic limb bud. Reuss, 1974; Stephens and McNulty, 1981; Strecker and
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Figure 5. A Molecular Model of the Early
Stages of Limb Development
At stage 15, Fgf8 expression in the nephro-
genic component of the intermediate meso-
derm (IM) in the prospective forelimb territory
leads to induction of Fgf8 expression in the
overlying surface ectoderm (SE) at stage 16.
By stage 17, FGF8 protein secreted by the
surface ectoderm acts to maintain outgrowth
of cells in the lateral plate mesoderm (LPM).
It also acts in conjunction with determinants
of AP positional information to induce expres-
sion of Shh in the LPM. The AP boundary
at which Shh is induced is shown as being
established at stage 16, but may be present
earlier. By stage 18, SHH protein produced
in the lateral plate mesoderm directly or indi-
rectly induces expression of Fgf4 in the over-
lying ectoderm. The diagram does not illus-
trate the role(s) of DV positional information
in limb development.
Stephens, 1983; Geduspan and Solursh, 1992). Since in the interlimb region even though Fgf8 is eventually
expressed in the developing mesonephros of that regionthe lateral plate mesoderm can be induced to form a
(by stage 17; see Figure 3C). According to this model,limb not only at the normal levels but also in the interlimb
FGF beads induce supernumerary limbs because theyregion, it seems likely that wing induction at the appro-
provide levels of inducer high enough to overcome thepriate position along the anterior±posterior (AP) axis de-
reduced competence of the lateral plate mesoderm inpends at least in part on restricted expression of the
the interlimb region.inducing signal within the intermediate mesoderm. Our
At present, little is known about the source of thedata show that Fgf8 is expressed persistently in the
hindlimb inducer, but it is possible that the same signalintermediate mesoderm at the level of the prospective
is responsible for inducing both fore- and hindlimbs.wing between stages 13 and 15 and only transiently in
However, it seems that expression of the hindlimb in-the interlimb region at stages 13±14. Since limb induc-
ducer in theappropriate place is unrelated to mesoneph-tion is thought to occur progressively between stages
ros differentiation, because at the stages when the leg13 and 15, it is likely that persistent expression of the
is presumably being induced, the intermediate meso-inducer throughout these stages is required. Thus, our
derm in the prospective hindlimb territory is still in theexpression data provide evidence that Fgf8 is expressed
process of forming from the primitive streak. Our dataat the right time and place to function as an endogenous
show that Fgf8 is expressed at very high levels in theinducer of wing formation.
primitive streak at the time when hindlimb bud inductionWhat is particularly intriguing is that such localization
is likely to be occurring, consistent with the idea thatof Fgf8 expression is apparently linked to embryonic
Fgf8 functions as a hindlimb inducer. Thus, the samekidney development, which progresses in a rostral to
molecule may induce fore- and hindlimbs, but it ema-caudal sequence (see Figure 2F). Fgf8 RNA is detected
nates from two different tissue sources.in nephrogenic mesoderm cells adjacent to the Wolffian
Although our data are consistent with the hypothesisduct prior to their differentiation into mesonephric tu-
that FGF8 is involved in limb induction, it has been dem-bules, suggesting that Fgf8 expression may be induced
onstrated that several FGF family members are capableby signals from the duct and also raising the possibility
of inducing ectopic limbs (Cohn et al., 1995). This may
that FGF8 plays a role in tubulogenesis. Since the Fgf8
be a function of their ability to mimic FGF8 function, by
expression pattern reflects the progressive caudal
interacting with FGF receptors and triggering the signal
spread of tubule induction, its restriction to the level of transduction pathway that is activated by FGF8 during
the prospective wing-forming territory at stages 13±15 normal limb development. Alternatively, other FGFs may
is a result of the ongoing development of the mesoneph- also play a role in normal limb induction. It is not yet
ros. Thus, we suggest that the time and precise position known whether any FGF family members other than
at which forelimb induction occurs is a consequence of Fgf8 are expressed at the appropriate stage and in the
the mechanism of embryonic kidney development. appropriate domain to serve as forelimb inducers, but
Although localized expression of the wing-inducing it is known that several FGF family members, including
signal is a key feature of this hypothesis, it seems likely Fgf3 and Fgf4, are expressed in the primitive streak in
that differential competence of the lateral plate meso- the prospective hindlimb territory at stages 13±15, and
derm to respond to a limb inducer also plays a role in these may play a role in hindlimb induction.
determining the site of limb formation. Indeed, trans-
plantation studies provide direct evidence that prospec- FGF8 Induces Restricted Fgf8 Expression
tive interlimb region mesoderm is less competent to in the Surface Ectoderm
respond to the endogenous inducer than prospective Our data suggest that FGF8 induces a limb, at least
wing territory mesoderm (Geduspan and Solursh, 1992). in part, by inducing Fgf8 expression in the ectoderm
The concept of reduced competence provides an expla- overlying the prospective limb territories. Direct evi-
dence that FGF8 protein can perform this functionnation for the fact that a limb does not normally form
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comes from studies showing that FGF8 (and also FGF4) activity is required for the induction of Shh expression
(Niswander et al., 1994), and we have shown that Fgf8protein applied to interlimb region mesoderm at stage
15 induces Fgf8 expression in the surface ectoderm. expression in the surface ectoderm precedes Shh ex-
pression in the mesoderm during development of bothHowever, it seems likely that the effect of FGF8 pro-
duced in the intermediate mesoderm on gene expres- normal and ectopic limb buds. Second, we have found
that FGF8 can fulfill the requirement for FGF activity insion in the surface ectoderm is indirect, since it is
thought that FGFs do not diffuse very far from the cells the ectopic activation of Shh expression by RA in the
anterior mesoderm of the established limb bud. Al-that produce them, owing to their avid binding to extra-
cellular matrix proteoglycans (reviewed by Basilico and though these data strongly support the hypothesis that
FGF8 is involved in the activation of Shh expressionMoscatelli, 1992). Most likely, FGF8 acts on cells of the
lateral plate mesoderm that are in close proximity to during normal limb development, the restriction of Shh
expression to the posterior margin of each limb budthe intermediate mesoderm to induce the expression of
signals that are transmitted through the lateral plate suggests that FGF8 alone is not sufficient. It appears
that FGF8 must act in conjunction with determinantsmesoderm and ultimately result in the initiation of limb
formation. The presumed indirect nature of this sig- of AP positional information, possibly RA (Thaller and
Eichele, 1987), Hoxb-8 (ChariteÂ et al., 1994), or perhapsnaling mechanism is indicated by the broken arrows in
Figure 5. some other Hox gene family member, to promote Shh
expression in its normal domain. As yet, little is knownAlthough it is evident that ectoderm along most of the
AP axis of the embryo is competent to respond to FGF8, about how this positional information required for limb
initiation is established in the lateral plate mesoderm.our data provide some evidence for a restriction in com-
petence along the DV axis. We observed that from the The idea that Fgf8 expression in the surface ectoderm,
although necessary, is not sufficient to induce a limb istime it is first induced, Fgf8 ectoderm expression is
restricted to a narrow stripe perpendicular to the DV supported by two observations. First, the results of tis-
sue recombination experiments indicate that under theaxis of the embryo (presumably, the prospective AER).
This could be due either to restriction of the inducing influence of the AER (in which both Fgf8 and Fgf4 are
specifically expressed), the lateral plate mesoderm fromsignal to the plane of the prospective AER or to a restric-
tion in the competence of the ectoderm to respond to the interlimb region is stimulated to proliferate but does
not form a limb (Zwilling, 1956). Second, in preliminarythe inducer. However, we also observed that expression
of Fgf8 in the ectoderm induced by an FGF bead is studies we have found that when an FGF8 bead is in-
serted into the surface ectoderm rather than into thedetected as a straight rostral extension in the same
plane as the normal hindlimb Fgf8 expression domain lateral plate mesoderm, it stimulates limb mesoderm
outgrowth but does not result in the formation of an(see Figure 4C). Since the inducing signal, i.e., FGF from
the bead, is not restricted to that plane, this suggests ectopic limb (P. H. C. and G. R. M., unpublished data).
Thus, it appears that limb induction involves not onlythat the cells that are competent to respond to the signal
that induces Fgf8 expression are restricted within the the initiation of Fgf8 expression in the ectoderm, but
also effects on the lateral plate mesoderm that establishsurface ectoderm. We suggest that this region of com-
petence is defined by factors that determine DV polarity new AP positional information required for limb develop-
ment. Evidence that positional values are changing inand that Fgf8 expression is restricted to the boundary
between dorsal and ventral domains of the primary em- the lateral plate mesoderm between stages 13 and 15
has been reported by Hornbruch and Wolpert (1991),bryonic axis.
whoassayed for polarizing activity, whichreflects poste-
rior positional information, along the length of the lateralFGF8 Initiates Limb Bud Outgrowth and
plate mesoderm from stages 8 to 18. There is a remark-Participates in the Activation
ably close correlation between the changes in polarizingof Shh Expression
activity that they detected and the rostral-to-caudalThe induction of Fgf8 expression in the surface ecto-
wave of Fgf8 expression in the nephrogenic mesodermderm overlying the prospective limb-forming regions
described here. In particular, they found that betweenprecedes the first morphological manifestation of limb
stages 13 and 15, the peak of polarizing activity movesbud outgrowth. Since FGF8 can stimulate outgrowth of
caudally from the level of somite 18/19 to somite levelthe lateral plate mesoderm, this suggests that FGF8
20. Our data show that during this developmental period,produced in the surface ectoderm functions to initiate
the Fgf8 expression domain is extending caudally fromlimb bud formation. In contrast, no such correlation has
somite levels 18 to 20. These results suggest that Fgf8been found for any other FGF family members, including
expression in the intermediate mesoderm may also playthose that have been proposed as mediators of AER
a role in establishing at least some of the AP informationactivity. FGF2 protein is expressed at stage 16, but it is
necessary for the induction of Shh and perhaps otherwidely distributed throughout the ectoderm and lateral
factors required for limb bud initiation.plate mesoderm (Savage et al., 1993), and Fgf4 RNA is
not detected until stage 18 (Laufer et al., 1994; Nis-
wander et al., 1994). Thus, FGF8 is the best candidate FGF8 Promotes Mesoderm Outgrowth and
Maintains Shh Expression in theto date for a molecule responsible for the outgrowth of
the limb bud prior to AER formation. Established Limb Bud
The data described here contribute to the growing evi-Two lines of evidence suggest that FGF8 produced
in the surface ectoderm also functions during normal dence that FGF family members function in the estab-
lished limb bud to stimulate limb mesoderm cell prolifer-development to initiate expression of Shh at the poste-
rior margin of the limb bud. First, it is known that FGF ation and maintain Shh expression. Our data show that
Role of FGF8 in Limb Development
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was purified by Ni±NTA±agarose chromatography (MacArthur et al.,FGF8 protein is also capable of performing these func-
1995b).tions. However, our finding that FGF8 can maintain Shh
expression contrasts with the results of Mahmood et al.
Whole-Mount RNA In Situ Hybridization(1995), who concluded that addition of FGF8 protein to
Embryos were collected at the stages indicated or following the
cultures of mouse limb buds from which the AER had experimental manipulations described and were processed essen-
been removed failed to maintain Shh expression in pos- tially as described by Crossley and Martin (1995). Antisense ribo-
probes were labeled with UTP-digoxygenin and detected by stainingterior mesoderm, although it could stimulate mesoderm
with an anti-digoxygenin antibody conjugated to alkaline phospha-outgrowth. One possible explanation of this apparent
tase, using NBT/BCIP (GIBCO BRL, Gaithersburg, MD) or BM purplediscrepancy is that maintenance of Shh expression may
(Boerhinger Mannheim, Indianapolis, IN) as the substrate. The ribo-require a high concentration of FGF8, and the appro-
probes used in this study were derived from a chick Shh cDNA
priate level of FGF8 was not available in the mouse limb (Riddle et al., 1993), a chick Fgf4 cDNA (Niswander et al., 1994),
bud culture medium, but was available in our experi- and the 800 bp chick Fgf8 cDNA described here.
ments in which FGF8 beads were applied directly to
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